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Abstract
The characterisation of biomolecular interactions is essential when designing novel
biosensors, since the interaction between the bioreceptor and the ligand determines important
biosensing parameters such as sensitivity and selectivity. In this paper we study the 
interaction of the trimeric Ara h 1 protein with a monoclonal anti-Ara h 1 antibody by means 
of magnetic force-induced dissociation. The proteins were bound to magnetic particles and 
polystyrene surfaces by EDC/NHS reaction chemistry and by physisorption, respectively.
Two different molecular configurations have been investigated, with either the Ara h 1 protein
on the particles or the Ara h 1 protein on the polystyrene surface. A model with a Gaussian 
distribution of energy barriers for dissociation gives an adequate description for the measured 
multi-exponential decays. We hypothesise that distributions of molecular orientations as well 
as experimentally-induced variations may underlay the observed distributions. The two 
molecular configurations show a different peak value of the energy distribution. Similarly, 
SPR experiments for two distinct configurations (either Ara h 1 protein on the surface, or anti-
Ara h 1 antibody on the surface) also show clear differences in dissociation behavior. We 
hypothesise that the multivalency of the involved molecules leads to different modes of 
binding. The results of this work highlight the importance of molecular inhomogeneities when 
studying the interaction processes of biomolecular complexes.
Key words: Force-induced dissociation; Magnetic Tweezers; SPR; Dissociation rate constant;
Protein-antibody interaction; Ara h 1
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1. Introduction
Biosensors exploit the specificity and strength of biomolecular interactions for the sensitive 
detection of analytes. Since their performance is determined by the nature and affinity of these 
interactions, it is important to properly characterise them. Dynamic force spectroscopy (DFS) 
techniques [1] have been exploited extensively for investigating biomolecular interactions and 
for studying the dissociation properties of molecular bonds. These techniques rely on the 
application of a force to a molecular bond and on the measurement of its force-induced 
dissociation characteristics. From this type of experiment, parameters such as the dissociation 
rate constant and the position of the energy barrier along the reaction coordinate ( ) can be 
calculated. Many different techniques have been used for DFS, e.g. atomic force microscopy 
(AFM) [2,3], biomembrane force probes (BFP) [4,5], microneedles [6], optical tweezers (OT)
[7] and nanopores [8]. These techniques follow only one interaction at a time and have proved
to be powerful for investigating single molecule mechanics, as well as interactions between 
single molecules. However, it is difficult and time-consuming to achieve statistically relevant 
results [9]. Magnetic tweezers (MT) have appeared as an interesting alternative to measure 
multiple molecular interactions in parallel, as previously shown by ourselves and others [10–
12]. In this approach, magnets generate a magnetic field gradient which allows application of
the same force to many particles simultaneously, thus increasing the throughput [13,14].
When MT are applied in force-induced dissociation studies, the Bell and Evans model [1,15]
is typically used to extract parameters from the observed dissociation curves. This model is 
based on the assumption that a single type of bond results in a single dissociation rate 
constant, caused by a single energy barrier for dissociation being present in the system. 
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Depending on the different populations of bound particles in the sample, a mono- or a 
multicomponent dissociation pattern is displayed in the dissociation curves. Therefore, the 
model can be extended to include these multiple populations, each with their own dissociation 
rate constant: multi-exponential Bell and Evans model [11,12]. This interpretation relies on 
the presence of a well-defined energy barrier along the reaction coordinate, but in practice
dissociation of many ligand-receptor pairs from functionalised biosensor surfaces can show a 
more heterogeneous character. Recently, a model was proposed which assumes a distribution 
of energy barriers for particles bound to a surface by a ligand-receptor interaction [16]. This 
model provides information on the distribution of energy barriers in a multi-particle 
dissociation experiment and thus on the inhomogeneity of the prepared surface, which should 
be applicable to both specific and nonspecific interactions. 
In this work we study the molecular interaction between an antibody─protein pair with 
magnetic force-induced dissociation experiments and interpret the data with both the classic 
multi-exponential Bell and Evans model (MBE) and the recently proposed model that 
assumes a distribution of energy barriers (DEB). Two different molecular configurations are 
studied. In the first one the protein is immobilised on a polystyrene substrate and the antibody
is coupled to the surface of magnetic particles. In the second configuration, the arrangement 
of the biomolecules is inverted and therefore the antibody is immobilised on the substrate, 
while the protein is on the magnetic particles surface. Additionally, dissociation 
measurements with surface plasmon resonance (SPR) [17] are performed also for two
molecular configurations, namely with the antibody coupled to the sensor chip surface and 
protein free in solution and, vice versa, with the protein on the chip surface and the antibody 
free in solution. The dissociation parameters obtained with the two different experimental 
techniques for the two biomolecular configurations are discussed in order to explore whether 
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the binding affinity of the studied antibody-protein complex is affected by how molecules are 
coupled to substrates.
The complex formed between the peanut allergen, Ara h 1 protein, and its monoclonal 
antibody, anti-Ara h 1, was chosen as a model system. Peanut allergy is one of the most 
severe and persistent hypersensitivity reactions to foods [18,19]. Since labeling legislation is 
becoming stricter [20,21],  the need for sensitive biosensors that can detect low quantities of 
peanut allergens is also increasing. To date, several immunoassay techniques have been 
described in the literature [22–26]. In all of them the specificity and sensitivity of the assays 
were determined by the affinity and strength of the interaction between anti-Ara h 1 
antibodies and Ara h 1 protein. Because similar types of interactions are found in many 
immunoassay-based biosensors, the conclusions of this work reach beyond the specific model 
system studied here.
2.  Material and Methods
2.1 Reagents and Biomolecules
All buffer reagents were supplied by Sigma-Aldrich (The Netherlands). All solutions were 
prepared using deionised water purified with a Milli-Q Simplicity 185 system (Millipore). 
Natural Ara h 1, extracted from light roasted peanut flour (purity < 95%), and monoclonal 
anti-Ara h 1 antibody 2C12 were purchased from Indoor Biotechnologies Limited (UK). 
Carboxyl acid-coated superparamagnetic particles of 2.8 μm diameter (DynabeadsTM M-270 
Carboxylic Acid) were acquired from Thermo Fisher Scientific (Norway).
2.2 Functionalisation of superparamagnetic particles and polystyrene surfaces
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Both the Ara h 1 protein and the anti-Ara h 1 antibody were coupled to 2.8 µm diameter 
carboxyl coated Dynabeads™ M-270 by a carbodiimide reaction [27]. The carboxyl groups 
were first activated for 20 min with 0.4 M 1-Ethyl-3-(3 dimethylaminopropyl)carbodiimide  
(EDC) and 0.5 M N-hydroxysuccinimide (NHS) in a 25 mM 2-(N-morpholino)ethanesulfonic 
acid  (MES) buffer (pH 5). After washing the particles with MES buffer, they were 
resuspended in a solution of MES buffer containing either 3 µg/µL Ara h 1 antibody or 3 
µg/µL Ara h 1 protein. Afterwards the functionalised particles were incubated during 30 min 
with 50 mM cold ethanolamine, followed by washing and storage in 150 mM phosphate 
buffered saline (PBS) solution (pH 7.4) containing 0.5% BSA and 0.01% Tween 20.
Polystyrene substrates 22×22 mm in size (Agar Scientific, U.K.) were cleaned with a nitrogen 
gas flow. Afterward an open cell of 9 mm in diameter and 0.12 mm in depth was created on a 
polystyrene surface using a double-sided adhesive cell-dot (Secure-Seal imaging spacer, 
Sigma-Aldrich, The Netherlands). The two different biomolecules (Ara h 1 and anti-Ara h 1 
antibody) were immobilised by physical adsorption on the polystyrene surface enclosed 
within the cell. For that purpose, a 150 μL droplet of the respective biomolecule solution 
prepared in 150 mM PBS buffer was incubated during 1 h at room temperature inside the cell 
area. Finally, all modified polystyrene surfaces were blocked with 1% bovine serum albumin 
(BSA) solution also prepared in 150 mM PBS buffer.
2.3 Magnetic force-induced dissociation experiments
The functionalised magnetic particles were diluted 15 times from stock concentration (30 
mg/mL) for further application on the modified polystyrene surfaces. The cell was closed with 
a glass microscope coverslip, 15×15 mm in size, and the particles were incubated for 3 min on 
the treated surface. After this incubation, the samples were inverted in order to remove 
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unbound particles from the surface by gravitational forces. Subsequently, magnetic pulling 
forces of different magnitudes in the picoNewton range were applied on these samples.
The magnetic force-induced dissociation technology setup consists of three different parts: (1) 
a microscope-camera system for imaging and recording, (2) a sample holder that supports the 
fluid cell in which the force-induced dissociation experiments take place and (3) an 
electromagnet to apply a constant mechanical pulling force. This technology was previously 
described in detail in Jacob et al. [11] and Pérez-Ruiz et al. [12]. In short, the fluid cell with
functionalised magnetic particles bound to the top polystyrene surface, was placed on the 
sample holder lying on top of an electromagnet with a tapered pole-tip of 1 mm radius. The 
magnetic field was controlled by the current going through the coil and a water pump was 
used as a cooling system. This enabled continuous operation below 45°C. Moreover, to 
reduce the rise-time of the current and to allow the application of time-dependent currents for 
demagnetisation of the core, a push-pull current controller was developed.  The magnet core 
was demagnetised after every force application. 
The particles bound to the polystyrene surface were tracked with a Leica DM6000 microscope 
and images were acquired at 30 Hz frame rate by a RedLake MotionPro HS-3 speed camera 
triggered to the electromagnet through a function generator (Agilent, 33250A). The first 
frame at t=0 captured the total number of particles bound on the surface before the application 
of the force. The detachment of the particles was observed starting from the second movie 
frame. By counting the particles that were attached to the polystyrene surface through 
consecutive image frames, the dissociation curve for each applied force was obtained. The 
counting was done by a home-written MatLab (The MathWorks Inc., US) program, which 
gave the number of particles that were present in each frame as an output. The fitting of the 
dissociation curves was performed using Origin® software (The OriginLab Corporation, US).
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2.4 Multi-exponential Bell and Evans model (MBE)
The dissociation rate constant of a molecular bond at zero force, koff (0) (s
-1), can be related to 
the energy barrier of the transition state, Eb, according to the Bell and Evans model [1,15]:
                                                                                                           (1)
in which  is the attempt frequency that depends on the molecular details of the interaction, 
kB is the Boltzmann constant and T is the temperature. When a transitional pulling force, F 
(pN), is applied, the energy needed to overcome the transition state is lowered by the work 
done along the reaction coordinate upon dissociation: W= -F , where  (nm) is the 
distance between the minimum and the maximum of the energy barrier, i.e. the distance by 
which the molecules must be separated in order to break the bond between them. Therefore 
the dissociation rate of a molecular bond changes exponentially with the applied force:
                                                                       (2)
Thus, by varying the force applied to break the bond between ligand and receptor, it is 
possible to extrapolate the dissociation rate constant to zero force, koff(0), as the logarithm of 
koff(F) increases linearly with the increase in force, F:
                                                                                                       (3)
By fitting this expression to force-dependent dissociation data, the transition-state distance,
, can be obtained. If the pulling force is applied for a time, t (s), the fraction of remaining 
bonds can be described as:
                                                                                                                (4)
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with N0 the total number of bonds at t= 0 and N the total number of bonds present in the 
system. Depending on the different populations of bound particles in the samples (e.g. 
specifically vs. non-specifically bound particles, or single-bond vs. multiple-bond particles), 
typically a multicomponent dissociation pattern is displayed in the dissociation curves. 
Accordingly, the data analysis is performed with a multi-exponential Bell and Evans model 
(MBE).
2.5 Distributed Energy Barrier model (DEB)
The DEB model was recently described by Kemper et al. [16]. It is an extended interpretation 
of the Bell and Evans model that accounts for inhomogeneities present in the studied ligand-
receptor interactions, represented as a distribution of energy barriers. Since this distribution is
generally expected to be continuous, it is described by a Gaussian distribution around the 
central energy barrier value, E0, with a standard deviation, :
                                                                                                (5)
In this case the number of particles that remain on the surface after applying a magnetic force 
during a time, t (s), is given by a weighted integral over the distribution of energy barriers:                                          
                                     (6)
with N0 the total number of bonds at t= 0 for all possible energy barriers and N the total 
number of bonds present in the system. Dissociation curves fitted by this equation deliver 
values for both E0 and , provided that values are available for and .
2.6 Surface Plasmon Resonance (SPR) experiments 
SPR experiments were conducted on a BiacoreTM 3000 analytical system (Biacore AB, 
Sweden) using BiacoreTM sensor chips CM5 consisting of a gold-coated glass slide modified 
with a carboxymethyl dextran layer. The flow cells of the chip were first activated by 
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injecting a 35 μL mixture of 50 mM NHS: 200 mM EDC. Subsequently, a solution containing 
either 1 μg/mL of anti-Ara h 1 antibody or 1 µg/mL of Ara h 1 protein in sodium acetate pH 
4.5 was injected. The immobilisation levels reached were 84 and 129 resonance units (RU), 
respectively. Finally 35 μL of ethanolamine was injected to block any remaining activated 
ester groups, followed by 10 µL of 10 mM glycine pH 1.5 to remove any unbound antibody 
from the sensor surface. Flow cell 1, which was NHS/EDC activated and subsequently
ethanolamine deactivated, was used as a reference channel in all experiments. Both Ara h 1 
protein and anti-Ara h 1 antibody solutions of different concentrations ranging from 125 to 
1000 nM were prepared in HBS-EP buffer (10 mM HEPES pH 7.4, 450 mM NaCl, 3 mM 
EDTA, 0.005% (v/v) polysorbate 20). Subsequently, either the Ara h 1 protein solutions or 
the anti- Ara h 1 antibody solutions were injected at a flow rate of 30 µL/min. Association 
time was 8 mins and dissociation time was 10 mins. The 10 mM glycine solution was also 
used to regenerate the chip surface between consecutive analyses in both cases. Temperature 
was fixed at 25°C during all experiments. A sensorgram corrected for both the reference 
channel (flow cell 1) and the response of the blank injection [28] was obtained for each 
concentration. To determine the binding kinetics, all data were analyzed using the BiacoreTM
evaluation software 4.1 (Biacore AB, Sweden).
3. Results and discussion
3.1 Establishing the experimental conditions for the magnetic force-induced dissociation 
experiments
The complex formed between the peanut allergen Ara h 1 protein and its monoclonal antibody
was chosen as a model system to study the dissociation of protein-antibody complexes. As 
explained in section 2.3, superparamagnetic particles were functionalised with the anti-Ara h 
1 antibody and incubated with polystyrene surfaces functionalised with Ara h 1 protein. To be 
able to extract dissociation rate constant values, it is important to average the individual 
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behavior of many single-molecule dissociation processes [10–12]. Therefore, the 
concentration of Ara h 1 protein to be immobilised on the polystyrene surface was optimised
toward a concentration allowing for numerous single binding events on the surface, but 
avoiding that multiple bonds would dominantly be formed between the individual anti-Ara h 1 
coated particles and the surface. Previously, other protein-receptor pairs [11] yielded 
consistent dissociation rates when the proteins were immobilised on the surface in a 
concentration range 0.01 - 1 nM, which indicated that single bonds were being measured. 
Consequently, we immobilised Ara h 1 protein on the polystyrene slides within the same 
concentration range (Figure 1C-E).
       
A concentration of 1 nM of Ara h 1 protein was chosen as the optimal concentration for the 
dissociation experiments since the number of particles immobilised on the surface was 
sufficiently high for statistical analysis, but still within the range where single bonds are being 
measured. To perform a negative control, magnetic particles functionalised with anti-Ara h 1 
antibody were incubated with a polystyrene slide coated only with a solution containing 1% 
BSA. As it can be seen from Figure 1A, binding of functionalised magnetic particles to this 
surface is only ~2% of the binding to a 1 nM Ara h 1 protein coated surface. This suggests 
that there were barely nonspecific adsorptions of magnetic particles and that the binding to the 
1 nM-prepared surface happened primarily through the specific interactions between antibody 
and its ligand.
3.2 Analysis of the dissociation of Ara h 1─anti-Ara h 1 complex with the Bell and 
Evans model (MBE)
Subsequently, magnetic force-induced dissociation experiments were performed by applying 
different magnetic pulling forces, ranging from 10 to 40 pN, to the particles bound on the 
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functionalised polystyrene surfaces. For each applied force, two different samples were 
measured resulting in two dissociation curves. The fraction of particles remaining after 
pulling during time t is plotted on a semi logarithmic scale in Figure 2 and clearly shows that 
dissociation kinetics cannot be described by a single energy barrier. The Bell and Evans 
model can nevertheless be used to interpret the observed data assuming several fractions [11]: 
e.g. a weakly bound fraction of particles with a fast dissociation rate and a stronger bound 
fraction with slower dissociation rate. Since a passive adsorption of antibodies on 
hydrophobic surfaces leads to a mixture of orientations [29,30], the fast dissociation rate 
might be attributed to non-specific interactions between anti-Ara h 1 antibody and Ara h 1 
protein. The second component, a stronger bound fraction with a slow dissociation rate, then 
originates from the specific interaction between both biomolecules when they are favorably 
oriented. This hypothesis is supported by the fact that when a control protein (human 
immunoglobulin E, IgE) was adsorbed on a polystyrene slide, magnetic particles with anti-
Ara h 1 antibody also bound to this surface. However, upon incubation under the same 
conditions, the IgE surface captured only ~15% of the particles bound when the surface was 
coated with a 1 nM Ara h 1 protein solution (Figure 1B). This shows that a small fraction of 
antibody-modified particles interacts in a non-specific way with passively-adsorbed proteins 
on the surface, which also would apply in Ara h 1–anti-Ara h 1 antibody experiments.
Based on these two fractions of bound particles, a bi-exponential model with three 
independent parameters can be proposed for fitting the dissociation curves:
                                                                                  (7)
Using this equation, both dissociation rates for the non-specific (koff
ns) and for the specific 
interactions (koff
s) between Ara h 1 and anti-Ara h 1 antibody, as well as the population of 
particles specifically bound in each experiment at time t = 0, can be obtained.
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Hence, the obtained dissociation curves were fitted by Equation 4 (Figure 2) and the extracted 
dissociation rates were plotted as a function of the applied force on a logarithmic scale 
according to Equation 3 (Figure 3A). Using the biexponential model, the obtained rate 
constant for dissociation at zero force for the specific binding, koff
s, between Ara h 1 protein
and anti-Ara h 1 antibody is found to be 2.2 ± 0.5 ×10-3 s-1, with a value of 1.6 ± 0.3 Å.
One of the assumptions underlying the employed biexponential model is that two fractions of 
particles are present at the surface. The fraction of specifically bound particles is a free 
parameter in the fitting procedure and should be independent of the applied force. However, 
when the fractions corresponding to each dissociation component were plotted versus the 
applied force (Figure 3B), they showed a significant dependency on the force. This invalidates 
the use of the MBE model with two fractions, since, obviously, more than two exponentials 
are required to explain the data. Previously, Jacob et al. [11] incorporated the existence of 
multiple bonds in the data analysis by adding a third exponential to the fitting equation, 
representing a strongly bound fraction of particles: 
                                      (8)
                                                                    
In order to investigate whether multiple bonds are also present in the Ara h 1–anti-Ara h 1 
system, the obtained dissociation curves were also fitted by the triple-exponential model 
(Equation 8) (Figure S1). With this model, the fraction of particles corresponding to each of 
the dissociation components still depends on the applied force (Figure S2). These results 
invalidate the use of the MBE model to explain the dissociation data of the studied Ara h 1–
anti-Ara h 1 antibody system.
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3.3 Analysis of the dissociation of Ara h 1─anti-Ara h 1 complex with DEB model
The Bell and Evans model has been applied in many particle-based magnetic force-induced 
dissociation assays [10–12] based on the assumption that a unique energy barrier can be 
defined for a specific bond, in spite of the heterogeneity that is typically found in the 
molecular surfaces used in these experiments. This heterogeneity has been incorporated in the 
DEB model described by Kemper et al. [16], which assumes a distribution of energy barriers 
for dissociation instead of a single energy barrier. A mechanism that can generate a 
distribution is that biomolecules are coupled to a surface in different orientations, causing 
differences in reaction coordinates upon dissociation by a uniaxial external force. The DEB 
model is applicable to both specific and nonspecific interactions and typically shows a wider 
distribution for the first ones [16]. In the experiments described here, the anti-Ara h 1 
antibody and the Ara h 1 protein molecules were either physically adsorbed on a polystyrene 
surface or coupled through EDC/NHS chemistry to magnetic particles. Both coupling 
methods lead to variation in the orientation of proteins on the surface and therefore to a 
distribution of energy barriers, which justifies the application of the DEB model. 
Consequently, the previously obtained dissociation curves were also fitted by Equation 6, 
using a typical distance to the transition state of = 0.5 nm and attempt frequency of = 3 
×107 s-1, which are assumed typical for the kinetics of unbinding governed by viscous friction
[16] (Figure 4).
As it can be seen in Figure 4, the dissociation curves of Ara h 1 protein–anti-Ara h 1 antibody 
interaction seem to be explained reasonably well by assuming a DEB model. The obtained 
fitted parameters were E0 = 26 ± 1 kBT and σ = 4.5 ± 1.1 kBT. Both parameters do not show a 
trend and are within error bars independent of the applied force (Figure 5), confirming the 
applicability of the model.
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Inherent to a distribution of energy barriers originating from molecular inhomogeneity, it is 
not possible to define a single value for koff (0). However, by using Equation 1, an equivalent 
koff (0) can be estimated, assuming = 3 ×10
7 s-1 as before. The peak of the energy barrier 
value (26 kBT) then corresponds to a dissociation rate constant, koff = 1.5 ×10
-4 s-1. Since the 
energy barrier is in the exponent of the rate constant, the most probable koff typically spans a 
range between 4.2 ×10-4 and 5.6 ×10-5 s-1.
3.4   Inverted configuration of the molecular system: Ara h 1 protein coupled to 
magnetic particles and anti-Ara h 1 antibody immobilised on substrate
In order to study whether immobilisation of the biomolecules on the polystyrene surface or on 
the magnetic particles is affecting the affinity of the protein-antibody complex, dissociation 
experiments with an inverted arrangement of the biomolecules were also performed. In these 
experiments anti-Ara h 1 antibody was immobilised on the polystyrene surface while Ara h 1 
protein was coupled to the magnetic particles. The concentration of antibody on the 
polystyrene slides was 4 nM (Figure S3). Adsorption of magnetic particles to a polystyrene 
control slide (coated only with 1% BSA) was not observed in this experimental design either 
(Figure S3A), proving again that binding of magnetic particles to the polystyrene surfaces is 
due to the specific interactions between antibody and its protein. 
By applying the same range of magnetic pulling forces to the bound particles, from 10 to 40 
pN, dissociation curves were obtained. Subsequently, the applicability of the DEB model to 
these data was tested. Dissociation curves were fitted by Equation 6 assuming the same values 
as in previous case for  (Figure S4). The fitted parameters (Figure 6) were E0= 28
± 1 kBT and σ = 4 ± 1 kBT. Also in this case, they were independent of the applied force, 
which confirms the applicability of the DEB for this biomolecular configuration (antibody on 
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particles, protein on substrate). The peak of the central energy barrier value (28 kBT) 
corresponds to koff = 2.1 ×10
-5 s-1, in the range given by the error in the most probable koff, 
5.6 ×10-5 ‒ 7.6 ×10-6 s-1.
3.5 Comparison of the dissociation parameters found for the different molecular 
configurations
When the dissociation rate constants estimated by the DEB model for the two different 
molecular configurations are compared, it can be seen that for both cases the estimated 
dissociation rate constant varies within a wide range, of approximately one order of 
magnitude. This is not only due to molecular inhomogeneities present in the sample but also 
caused by the introduction of a variation in the measured energy barriers by the magnetic 
force-induced dissociation experiments themselves. In this type of experiments at least three 
contributions can lead to a wide distribution of energy barriers. At first, force-induced assays 
introduce a directionality during dissociation, which is absent in a thermally-based 
dissociation. The direction of the force is not necessarily along the most favorable path during 
thermal dissociation which is usually described as the reaction coordinate. Consequently, the 
variation in the angular distribution between the orientation of the ligand-receptor pair and the 
direction of the applied force introduces a widening of the energy barrier distribution. A 
second possible interference involves the interaction of the particle with the surface, which 
can depend on the local molecular inhomogeneity both on the surface and the particle. A third 
source of widening the measured distribution is the variation of magnetic content from
particle to particle, which translates into a variation in the applied force.
It is also noteworthy that, despite of this wide distribution, the dissociation rate constants 
corresponding to the peak of the energy barrier distribution estimated for the two different 
molecular configurations are different by approximately one order of magnitude: koff ≈ 1.5
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×10-4 s-1, for the configuration with Ara h 1 protein immobilised on the substrate, and koff ≈ 2
×10-5 s-1, for the one with anti-Ara h 1 antibody on the surface. This indicates that the 
immobilisation of at least one of the biomolecules on the assay surface, namely polystyrene 
substrate and/or magnetic particles, is affecting the binding affinity of this antibody-protein 
complex. In the first case the dissociation rate constant is about one order of magnitude 
bigger, meaning that the measured affinity is lower when the anti-Ara h 1 antibody is 
immobilised on the surface of magnetic particles and the Ara h 1 protein is physically 
adsorbed on polystyrene slides than when they are arranged in the inverted configuration.
There are two possible explanations for this observation: (1) either the anti-Ara h 1 antibody 
is more affected by heterobifunctional crosslinking with EDC/NHS chemistry than the Ara h 
1 protein is, or (2) the Ara h 1 protein is more disturbed by physisorption than the anti-Ara h1 
antibody is. The Ara h 1 protein has a very stable homotrimeric structure [31] and in each of 
the three monomers there is an epitope for binding with anti-Ara h 1 antibody. Therefore, in 
the case of immobilisation via EDC/NHS chemistry, even if the protein is captured via amine 
groups close to one of the epitopes, most likely one of the other two would still be available 
for binding with the antibody. On the contrary, since only the Fab region of the anti-Ara h 1 
antibody binds to the protein, interference with detection capability is more probable if the 
antibody is captured via amine groups of or adjacent to the protein binding site [32].
Moreover, it has already been described that randomly immobilised antibodies through 
primary amines will result in a population of immobilised antibodies with no or decreased 
antigen-binding activity [33]. Regarding immobilisation through physisorption on a substrate, 
it is known that this approach leads to a mixture of biomolecular orientations [30]. Therefore,
passively adsorbed antibodies are not strictly “fab-up” oriented. Moreover, molecular 
simulations suggest that they are  preferentially laying down in a “flat-on” configuration [34]. 
However it is again highly probable that the Ara h 1 protein has at least one of the three 
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epitopes optimally oriented, even when being physically adsorbed on a substrate.  Taking all 
of this into consideration, it is hypothesised that the reason why a higher dissociation rate 
constant is found for the molecular configuration in which the antibody is coupled to the
magnetic particles and the protein is adsorbed on the polystyrene substrate, is that the 
functionality of anti-Ara h 1 antibody is more disturbed than the one of Ara h 1 protein by 
crosslinking with EDC/NHS.
3.6 Dissociation experiments with surface plasmon resonance (SPR)
In order to explore this further, dissociation experiments for both molecular configurations 
were also performed with SPR, considered to be a reference technique for quantification and 
characterisation of biomolecular interactions [17]. It is based on the measurement of the 
refractive index changes near a sensor surface. In this work, the dissociation rate constant for 
the Ara h 1–anti-Ara h 1 antibody complex was measured using a BiacoreTM instrument. In 
the first experiment the gold surface of the sensor chip was functionalised with anti-Ara h 1 
antibody, while Ara h 1 protein was free in solution. Subsequently the biomolecular 
configuration was also inverted and herefore Ara h 1 protein was coupled to the chip sensor 
surface while anti-Ara h 1 antibody was free in solution. The dissociation constants obtained 
were respectively koff = 4.2(±0.5)x10
-4 s-1 and koff = 3.4(±1.7)x10
-5 s-1. The obtained kinetic 
curves, fitted to a 1:1 Langmuir model, can be found in the Supplementary Information 
(Figure S5).
The fact that both experimental techniques, force-induced dissociation with MT and SPR, are 
based on different physical principles and rely on different type of substrates onto which 
molecules are immobilised, challenges the direct comparison of the dissociation parameters
obtained with each of them. Nevertheless, the extracted dissociation rate constants by both 
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techniques are within the same range (10-4‒10-5 s-1) and, furthermore, the SPR experiments 
also provide different dissociation rate constants for both molecular configurations. In this 
case, dissociation appeared to be slower for the configuration in which the Ara h 1 protein
was immobilised on the surface of the chip instead of the antibody. Since in SPR experiments 
immobilisation of the molecules on the chip surface was also performed through EDC/NHS 
chemistry, this observation could be again related to the fact that Ara h 1 protein is less 
affected by crosslinking to the carboxylated dextran layer on the chip than the anti-Ara h 1 
antibody, which would increase the possibility that every molecule has one epitope intact for 
binding. This could possibly lead to rebinding of eluted antibody to another epitope, 
especially if the density of the protein coating is high, causing the fact that the dissociation 
rate constant measured in this case is artificially low [35].
4. Conclusions
In this paper, the interaction between the main peanut allergen, Ara h 1 protein, and its 
monoclonal antibody, anti-Ara h 1, was studied by magnetic force-induced dissociation
experiments. In these experiments the biomolecules were arranged in two different 
configurations and two different theoretical models were employed to analyze the 
experimental data. The classical multi-exponential Bell and Evans (MBE) model, which 
assumes several fractions of particles with single energy barriers for dissociation, was not 
applicable for this antibody-protein complex since the predicted fractions for different bond 
populations showed a clear dependency on the applied force. Therefore, a recently introduced 
distributed energy barrier (DEB) model that describes the variation in dissociation rate 
constants by a distribution of energy barriers was also employed to analyze the data. This 
model is an extension of the classical MBE model and reflects the inhomogeneity of the 
molecular interactions as well as the experimentally-generated variations in the force-induced 
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dissociation experiments. These variations could for example originate from directionality of 
the applied force and from particle-to-particle differences. The DEB model properly described 
the distribution present in the interaction of Ara h 1 protein with anti-Ara h 1 antibody. 
However, when applying this model, surprisingly different dissociation parameters were 
found depending on how molecules are arranged in the diverse assay surfaces. The found 
dissociation rate constant was about one order of magnitude smaller for the molecular 
configuration in which Ara h 1 protein is the molecule coupled to the surface of magnetic 
particles and the anti-Ara h 1 antibody was passively adsorbed on polystyrene substrates. We 
hypothesised that the fact that Ara h 1 protein exhibits a very stable homotrimeric structure,
and hence has multiple epitopes for binding with the antibody, may lead to a more robust 
coupling to the magnetic particles through EDC/NHS than the one of anti-Ara h 1 antibody. 
Consequently in this case the affinity of the complex would be less affected by the coupling. 
In addition, SPR experiments were performed in order to further investigate this phenomenon. 
The found dissociation rate constants in this case also appeared to be different depending on 
the molecule being immobilised on the chip surface. When Ara h 1 protein was immobilised
on the chip surface the dissociation rate constant was smaller, which indicates that, also in this 
case, Ara h 1 protein was less affected by crosslinking with EDC/NHS than the anti-Ara h 1 
antibody, possibly due to its trimeric structure. 
In conclusion, we have shown that the recently described DEB model by Kemper et al. can be 
used to interpret the dissociation data of the Ara h 1 protein–anti-Ara h 1 antibody complex. 
Also, we have demonstrated that for this complex, depending on how molecules were
attached to the sensor surface and whether the antibody or the protein was covalently bound, 
different dissociation parameters were found, also with SPR experiments. Finally we 
discussed a few hypotheses for the observed behavior. We note that similar effects might be 
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observed in other protein-antibody systems, especially if multivalent proteins are involved in 
the assay. 
The results of this work highlight the importance of taking into account inhomogeneities 
present in biosensor surfaces and/or induced by experimental techniques when studying the 
interaction processes of biomolecular complexes.
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Figure Legends
Figure 1. Left: Images of anti-Ara h 1 antibody-coated magnetic particles bound to 
polystyrene surfaces modified with (A) 1% BSA, (B) control protein, IgE, and (C-E) different 
concentrations of Ara h 1 protein as recorded by the camera. Right: Number of anti-Ara h 1 
antibody coated magnetic particles binding to the different functionalised substrates.
Figure 2. Curves representing dissociation of Ara h 1 functionalised magnetic particles from 
an anti-Ara h 1 antibody coated surface as a function of time. The curves are averages of two 
replicas. For each applied pulling force, the curves were fitted using a MBE model with two 
components (Equation 7).
Figure 3. Dissociation parameters extracted from the dissociation curves of the Ara h 1 
protein–anti-Ara h 1 antibody complex, fitted by the MBE model (Equation 7). (A) The fitted 
single-molecular dissociation rate of Ara h 1–anti-Ara h 1 bonds as a function of the applied 
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force. koff
s(F) is fitted linearly and extrapolated to zero force to obtain the spontaneous 
dissociation rate constant. (B) Fractional occupancy of specific (black) and non-specific (red) 
bonds at t=0 as a function of the applied force. Every data point represents an individual 
experiment.
Figure 4.  Curves representing dissociation of Ara h 1 functionalised magnetic particles from 
an anti-Ara h 1 antibody coated surface as a function of time. The curves are averages of two 
replicas. For each applied pulling force, the curves were fitted using the DEB model 
(Equation 6).
Figure 5. Energy barrier values, E0 (A) and the spread σ (B) as extracted from the fitted 
curves in Figure 4.  Every data point represents an individual experiment.
Figure 6. Energy barrier values, E0 (A) and the spread σ (B) as extracted from the fitted 
curves in Figure S4. Every data point represents an individual experiment.
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